Introduction {#sec1}
============

The estimated prevalence of congenital heart diseases (CHD) in adulthood is about 1 per 150 people and is growing because of advances in pediatric cardiology and cardiac surgery. Half of adult patients with CHD have undergone surgery in the past. Twenty percent of newborns with CHD have a right ventricular outflow tract (RVOT) defect such as tetralogy of Fallot, pulmonary atresia or truncus arteriosus, transposition of great arteries, common arterial trunk, and others, requiring surgical reconstruction with the use of a patch, bioprosthetic valve or valved conduits \[[@cit0001], [@cit0002]\]. Homograft implantation is also a part of the Ross procedure for aortic valve disease. Long-term durability of surgical interventions depends on patient age, heart defect, the type of tissue or material utilized and the type of the operation. Patients after RVOT reconstruction using a transannular patch usually have pulmonary regurgitation immediately after the operation. Degeneration of biological material of bioprostheses and valved conduits results in progressive RVOT dysfunction, including pulmonary stenosis (PS) and regurgitation (PR), thought repeat surgical interventions over the lifetime are frequent in this group of patients \[[@cit0003]--[@cit0005]\].

The severity of PR increases over time due to increase of RV stroke volume, enlargement of regurgitant orifice and longer duration of diastole. After RVOT correction with a patch, significant PR is observed in 48% of patients directly after the operation and in 85% of patients 2 years later \[[@cit0006]\]. In patients after a correction using a valved homograft significant RVOT dysfunction (PR and/or PS) is observed in 50--55% of patients during 10 years after the first correction and 5--6 years after the second procedure \[[@cit0006]\].

For many years, pulmonary regurgitation was considered to be benign because right ventricular volume overload can be well tolerated for a long time. Now it is known that patients with PR are at risk for heart failure, arrhythmia and sudden cardiac death. At age 20 years, only 6% of the patients have symptoms, but at the age of 40 years the percentage of symptomatic patients increases to almost 30%. The risk of death follows the development of symptoms in a short time \[[@cit0007]\]. Appearance of symptoms (fatigue, edema, arrhythmia) indicates that the compensatory mechanisms of the right ventricular myocardium fail and the dysfunction is irreversible. Optimal timing of pulmonary valve replacement is a matter of continuing debate because factors affecting long-term outcomes and risk factors for irreversibility of RV damage are not known \[[@cit0008]--[@cit0010]\].

Current recommendations for surgical pulmonary valve replacement include significant PR (pulmonary regurgitation fraction (PRF) ≥ 25%) or/and significant PS (RV/systemic pressure \> 2/3), RV enlargement (EDVI ≥ 160 ml/m^2^, ESVI ≥ 80 ml/m^2^), RV contractility impairment (RVEF ≤ 47%), decreased end-diastolic LV volume (LVEDVI ≤ 65 ml/m^2^) and/or the presence of symptoms particularly when pharmacological treatment is necessary. Exercise cardiopulmonary function deterioration, QRS duration \> 140 ms, increased NT pro-BNP level, and restrictive RV physiology (late diastolic forward flow through the pulmonary valve) are considered additionally, but none of above-mentioned factors is sensitive enough to predict RV function restoration. Nevertheless, there are many data showing that we operate too late and then a more aggressive approach has been suggested ([Table I](#t0001){ref-type="table"}) \[[@cit0002], [@cit0011]--[@cit0013]\]. On the other hand, surgical intervention performed too early may lead to numerous reoperations or interventions over the lifetime, each of it connected with higher risk \[[@cit0014], [@cit0015]\].

###### 

Recommendations for surgical pulmonary valve replacement in asymptomatic patients

  Parameter             ESC Eur Heart J 2010; 31: 2915-57   AHA J Am Coll Cardiol 2008; 52: e143-263      CCS Can J Cardiol 2010; 26: e80-97    New (proposed) Circulation 2013; 128: 1855-7
  --------------------- ----------------------------------- --------------------------------------------- ------------------------------------- -------------------------------------------------------------------
  RVEDVi \[ml/m^2^\]    \> 160                              ≥ Moderate                                    \> 170                                \> 140--150
  RVESVi \[ml/m^2^\]    ?                                   ?                                             ?                                     \> 80
  RV dysfunction        Progressive RV dysfunction          ≥ Moderate                                    ≥ Moderate                            RVEF \< 47%
  PS                    PG ≥ 80 mm Hg                       PG ≥ 50 mm Hg or RV/LV pressure ratio ≥ 0.7   RV/systemic systolic pressure ≥ 2/3   RV/systemic systolic pressure ≥ 2/3
  PR                    Severe                              Severe                                        Free                                  ≥ Moderate (PRF ≥ 25%)
  QRS duration \[ms\]   \> 180                              ?                                             ?                                     ≥ 140
  Arrhythmia            Sustained AT or VT                  Symptomatic or sustained AT or VT             AT or VT                              Sustained tachyarrhythmia
  CPET                  Decrease                            ?                                             ?                                     \< 60% predicted
  Other                                                     Significant VSD, AR                           Significant VSD                       LVEF \< 55%, RV/LV EDV \> 2, significant VSD, AR, aortic dilation

ESC -- European Society of Cardiology, AHA -- American Heart Association, CCS -- Canadian Cardiology Society, RVEDVi -- right ventricular end-diastolic volume index, RVESVi -- right ventricular end-systolic volume index, RV -- right ventricle, RVEF -- RV ejection fraction, PS -- pulmonary stenosis, PG -- pulmonary gradient, LV -- left ventricle, PR -- pulmonary regurgitation, PRF -- pulmonary regurgitation fraction, AT -- atrial tachyarrhythmia, VT -- ventricular tachycardia, CPET -- cardiopulmonary exercise test, VSD -- ventricular septum defect, AR -- aortic regurgitation, EDV -- end-diastolic volume.

Percutaneous pulmonary valve implantation {#sec2}
=========================================

Since the first percutaneous pulmonary valve was implanted by Bonhoeffer *et al.* in 2000 \[[@cit0016]\], more than 10 thousand such procedures have been performed in 200 centers in 35 countries (154 centers in Europe). Two kinds of valves are being used: Melody Medtronic and Edwards SAPIEN.

The Melody valve, first used by Bonhoeffer, received the CE Mark & Health Canada Approval in 2006 and US FDA Approval in 2010. In 90% of patients all over the world the Melody valve was used. The valve consists of a bare-metal platinum-iridium stent (CP stent, NuMED, Inc., Hopkinton, New York) and a manually sewn valved segment of bovine jugular vein. The device is available in diameters 16 and 18 mm. Before implantation the device is crimpled over a balloon-in-balloon catheter and mounted on a 18, 20, or 22 mm delivery system (Ensemble, Medtronic, Minneapolis, USA). After being introduced into the pulmonary artery the stent is uncovered and internal (the valve can still be repositioned at this step) and external balloons are inflated, resulting in the valve deployment. The main limitation of the Melody valve is its relatively small size \[[@cit0017]\].

In 2006 Edwards-Cribier valve, having been used in the aortic position, was implanted in the RVOT and gave a beginning to a new family of Edwards transcatheter pulmonic valves \[[@cit0018]\]. The Edwards SAPIEN valves (Edwards Lifesciences, Irvine, California) are trileaflet bovine pericardial tissue valves hand-sutured in a balloon-expandable, radiopaque, stainless steel stent, available in 2 diameters: 23 and 26 mm. The next generation Edwards SAPIEN XT valve has a cobalt chromium frame, available also in diameter 29 mm, and is the first transcatheter heart valve approved for pre-stented transannular patches. SAPIEN3, equipped with an outer pericardial skirt, is designed to minimize perivalvular leak. The valve, manually crimped with a specialized tool, is implanted using the Retroflex-3 or Novaflex delivery system (Edwards Lifesciences) consisting of a guiding catheter and a single-balloon catheter \[[@cit0019]--[@cit0022]\].

Indications for percutaneous pulmonary valve implantation and patient selection {#sec3}
===============================================================================

Initially percutaneous pulmonary valve implantation (PPVI) was performed only in patients with a dysfunctional full conduit in the RVOT. Extended application of this method was proposed by Bonhoeffer's group in 2009 \[[@cit0023]\]. After prestenting with a metal stent, the Melody valve was implanted in the stenotic patched RVOT. In 2013 we published our experience with PPVI (Melody -- 5 patients, SAPIEN 18 patients) in patients with significant pulmonary regurgitation after previous surgical repair with a transannular patch. In all patients prestenting with a bare metal stent was performed to prepare a stiff landing zone for the valve. In case of borderline dimension of RVOT prestenting was performed 2 months before valve implantation \[[@cit0024]\].

Extended indications for PPVI are limited by RVOT dimensions and precisely determined anatomical conditions, in particular, the location of coronary arteries. Detailed preprocedural assessment is crucial for successful PPVI. Echocardiography and cardiac magnetic resonance (CMR) imaging are important tools for assessment of right and left ventricular function and diameters \[[@cit0025]\]. The severity of RVOT gradient is estimated by Doppler recordings. Pulmonary regurgitation volume, PRF and RVOT morphology and size are assessed by CMR. In some cases computed tomography may be necessary to obtain anatomical imaging of RVOT and coronary arteries. Pre-procedural assessment should be complemented by precise analysis of sequential ECGs and CPET results \[[@cit0026]\].

Procedure {#sec4}
=========

Percutaneous pulmonary valve implantation is performed under general anesthesia through the femoral, jugular, or subclavian veins. Cardiac catheterization with assessment of the right heart, pulmonary and aortic pressures precedes each implantation. Right ventricular outflow tract angiograms in at least two orthogonal projections allow one to assess its dimensions. To enable precise measurements and estimation of the minimal outflow diameter and balloon waist position, low pressure, 30 mm diameter/4 cm balloon inflations (PTS-X Sizing Balloon Catheter, NuMED Canada Inc.) are performed. To rule out any potential compression of the coronary arteries by the implanted stent, simultaneous selective left and right coronary angiography should be performed during balloon inflation in each patient. Valve implantation is preceded by routine presenting with a bare metal stent \[[@cit0027]\]. Procedural success reaches 94--98% ([Table II](#t0002){ref-type="table"}) \[[@cit0021], [@cit0028]--[@cit0034]\]. Hospitalization time usually does not exceed 4--5 days. Immediately after the discharge patients were fit to work or able to go back to school.

###### 

Results of percutaneous pulmonary valve implantation -- literature review

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Author                          Valve     No. of patients   Mean age \[years\]   Procedure success (%)   Follow-up \[years\]   Freedom from reintervention (%)   IE No. of patients   Improvement
  ------------------------------- --------- ----------------- -------------------- ----------------------- --------------------- --------------------------------- -------------------- ----------------------------------------------------------------
  Cheatham, USA, 2015             Melody    170               19                   NA                      4.5                   76                                3                    Exercise capacity, NYHA functional class

  Borik, Canada, 2015             Melody    51                20                   NA                      4.5                   68                                1                    RV size and maximum oxygen consumption

  Armstrong, USA, 2014            Melody    101               20                   98                      1.0                   97                                3                    NYHA functional class, tricuspid regurgitation

  Butera, Italy, 2013             Melody    63                24                   94                      2.5                   92                                2                    RVEDV, RVEF, RVESV

  Biernacka, Poland, 2015         Melody\   40\               25                   93                      1.7                   90                                4                    NYHA functional class, RVEDV, RVEF, maximum oxygen consumption
                                  SAPIEN    20                                                                                                                                          

  Lurz, UK, 2008, 2011            Melody    155               21                   95                      2.3                   93--70                            5                    RVEDV, RVEF, maximum oxygen consumption

  Kenny, USA, 2011 (COMPASSION)   SAPIEN    36                30                   97                      0.5                   97                                0                    NYHA functional class, RVEDV

  Haas, Germany, 2015             SAPIEN    22                22                   90                      0.5                   NA                                0                    NYHA functional class
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

IE -- infective endocarditis, NYHA -- New York Heart Association, RVEDV -- right ventricular end-diastolic volume, RVEF -- right ventricular ejection fraction, RVESV -- right ventricular end-systolic volume.

Several centers have consistently reported a low periprocedural complication rate (3--6%). Among procedural complications coronary artery compression is the most important and catastrophic complication, strongly related to early procedural mortality. Due to variability in coronary anatomy approximately 5% to 6% of candidates for PPVI are at risk for coronary compression after metal stent expansion in RVOT \[[@cit0035]\]. In case of any doubt about the risk of coronary compression the procedure should be abandoned. Homograft rupture is a relatively frequent complication in cases with calcified conduits or due to aggressive dilatations of the oversized balloon. In hemodynamically stable patients, implantation of covered stents may be an alternative to surgical treatment. Stent migration during valve implantation in patients with the borderline size of RVOT was reported when the valve implantation was performed in a single procedure with the stent implantation. In patients with a relatively wide RVOT without a waist after pre-stenting, the valve implantation should be postponed by at least 2 months to allow proper fixation of the stent. Tissue growing into the stent provides a reliable landing zone for the valve and minimizes the chance of stent migration during the valve implantation. Thus, a two-step procedure in patients with borderline size of the outflow tract is recommended. Tricuspid valve damage during maneuvers with the delivery system was reported \[[@cit0036]\].

Early and medium-term results {#sec5}
=============================

Several groups have shown favorable early results after PPVI ([Table II](#t0002){ref-type="table"}) \[[@cit0021], [@cit0028]--[@cit0034]\]. Right ventricular outflow tract gradient normalization and PR resolution were achieved in the vast majority of patients after successful implantation. In isolated cases moderate PR or residuary pulmonary gradient across the valve were observed. In a short follow-up (1^st^ month) improvement in systolic RV volumes and function as well as left ventricular ejection fraction has been reported. Moreover, NYHA class and maximum oxygen consumption improvement were observed predominantly in patients with PS \[[@cit0033]\].

Further observations confirm that the results are stable in a few years but do not show subsequent improvement, indicating that changes in RV end-diastolic volume and RV ejection fraction result from normalization of hemodynamic conditions, not structural myocardial remodeling. Lack of continuous improvement beyond the 1^st^ month may be related to late performance of the intervention \[[@cit0033]\].

Data from 3 prospective multicenter studies (300 patients) with transcatheter Melody valve implantation conducted in Canada and Europe has showed recently that significant baseline tricuspid regurgitation (TR), often seen in patients with RVOT dysfunction, was improved in 65% of patients. Acute reduction of TR persisted over 5 years of follow-up. This finding may extend indications for those patients with RVOT dysfunction suitable for PPVI who were referred for surgery because of concomitant TR \[[@cit0037]\].

Late complications {#sec6}
==================

Freedom from reintervention after PPVI depends on follow-up time and is about 90%, 80% and 70% respectively at 1, 2 and 4 years observation. Five-year freedom from explant is about 92% \[[@cit0028]\]. The main reason for reintervention or explant is high post-procedural pulmonary gradient, stent compression or stent fracture.

Valve stent fracture was reported in up to 34% of patients after Melody valve implantation not preceded by bare metal stent implantation (prestenting). Risk factors of stent fracture include younger age, higher pre- and post-procedural RVOT gradient, smaller size of conduit and valve position directly under the sternum. Stent fractures were significantly reduced (16.7%) when pre-stenting became a routine procedure \[[@cit0038]\].

At present, the most important problem responsible for late mortality and reintervention/explantation in patients after PPVI is infective endocarditis (IE). The risk of IE is estimated at 2.4 (0.34--6.03)% per patient/year \[[@cit0039]--[@cit0042]\]. Moreover, IE occurs more frequently after PPVI than surgical pulmonary valve replacement. Two large studies comparing the incidence and outcomes of right-sided endocarditis in patients after surgical or PPVI showed 4.5-fold higher risk of IE after a percutaneous procedure \[[@cit0040], [@cit0041]\]. Several factors explaining this remarkable difference have been discussed. One of the main differences between transcatheter and surgical valve replacement is possible valvular damage before percutaneous implantation during crimping and during balloon expansion, whereas surgical prostheses are placed directly in the RVOT without any manipulation \[[@cit0043]\]. There is a higher incidence of reported endocarditis in patients after Melody valve implantation compared with SAPIEN. This may be explained by the much higher distribution of the Melody valve. Yet, the histological lesions observed on traumatized leaflets of the Melody valve after crimpling might constitute a possible target for bacterial germs. Such lesions were not observed in pericardial valves \[[@cit0044]\]. It is suggested that there is a higher incidence of endocarditis in patients after the procedure performed from a jugular approach; however, early IE after PPVI is extremely rare. Among other risk factors of IE the most important are poor dental hygiene, unprotected dental care, piercing, tattoo and nail biting. Male sex seems to be a predisposing factor probably due to more frequent noncompliance with prophylactic indications. Some authors suggest suboptimal hemodynamic results (residual gradient, eccentric turbulence, pockets due to incomplete apposition, thrombus formation, asymmetric or incomplete opening with redundancy of leaflet tissue) as possible risk factors of IE. Prior IE increases relative risk to 3.3 \[[@cit0042]\].

Modified Duke criteria should be used for IE diagnosis, which is usually difficult. Blood cultures are usually negative because of frequent prehospital antibiotic therapy. Transthoracic ECHO (TTE) is negative in up to 70%, but TTE plus TEE is positive in 75% of affected patients. Other modern techniques should be used in unclear cases such as 18F-FDG PET/CT, leukoscan imaging and/or intracardiac ECHO.

Though IE is the main cause of the late mortality, the outcome spectrum after PPVI is wide. Medical therapy without the need for reintervention may be successful in a significant proportion of patients. Reintervention or valve explantation was performed in 21% of affected patients. Emergency operations were reported incidentally \[[@cit0042], [@cit0045]\].

Prevention includes the avoidance of a hazardous lifestyle, good body hygiene, dental care, avoidance of skin lesions and antibiotic prophylaxis prior to foreseeable episodes of significant bacteremia. Long-term anticoagulation or antiplatelet therapy was suggested to reduce the incidence of initial thrombus formation in an area of endothelial damage which could be the location of infective vegetations after transient bacteremia \[[@cit0043]\].

Own experience {#sec7}
==============

The first PPVI in Poland was performed in December 2008 in the Institute of Cardiology in Warsaw-Anin \[[@cit0046]\]. It was the first percutaneous valve implantation in Poland. Now, PPVIs are being performed in our and other centers: the Silesian Center for Heart Diseases in Zabrze (Melody -- 24, SAPIEN -- 2) and Polish Mother's Memorial Hospital Research Institute in Lodz (Melody -- 25). Three centers have recently started performing the procedure using the Melody valve (University Hospital of Lord's Transfiguration, Poznan -- 4, Copernicus, Gdansk -- 1, The Children's Memorial Health Institute, Warsaw -- 1).

In the Institute of Cardiology in Warsaw-Anin we performed 66 procedures. The Melody valve was used in 45 and Edwards SAPIEN in 21 patients, with 92.5% success (5 unsuccessful implantations). There was no periprocedural mortality. In 2011 we extended indications for PPVI for patients with a native or patched RVOT \[[@cit0024]\]. In most of these patients the procedure of SAPIEN Edwards valve implantation was preceded by metal stenting 2 months earlier. Early and long-term observations show an excellent outcome with 100% freedom from reintervention in 1-year and 88% in mean 4.5-year (1 month--8 years) observation. Hemodynamic parameters of RV function (RVEDVi and RVEF) improve in 1-month follow-up and remain constant during mid- term observation \[[@cit0032]\]. Exercise capacity enhances in one year observation \[[@cit0047]\]. Reintervention, valve explantation and late mortality (2 cases) were associated with infective endocarditis (about 2% patient/year).

Future of percutaneous pulmonary valve implantation {#sec8}
===================================================

Indications for PPVI are restricted to patients with RVOT diameter up to 22 mm for the Melody valve and up to 27 mm for the SAPIEN Edwards valve. The majority of patients (\> 80%) who are potential candidates for pulmonary valve implantation have large patch-augmented RVOTs. There is worldwide interest in developing new devices (valves or right ventricular outflow tract reducers) and/or techniques to make these patients suitable for PPVI.

Double or triple metal stent implantation (Russian doll technique) preceding valve insertion may be performed in selected cases. The use of two Melody valves implanted in both pulmonary arteries was reported in a single patient \[[@cit0048]\]. In 2010 a new self-expandable transcatheter pulmonary valve (the Native Outflow Tract device, Medtronic Inc., Minneapolis, MN, USA) was successfully implanted in a 42-year-old patient with PR \[[@cit0049]\]. Prototyping models of the valve were created on the basis of computed tomography to fit the patient's RVOT anatomy. The valve (Harmony TM) is made with porcine pericardium and a self-expanding nitinol stent characterized by hourglass geometry (i.e. larger diameters at the proximal and distal end, smaller diameters in the central portion holding the valve) which should help the stability of the device in a large RVOT. In April 2016 Medtronic announced the first clinical data of the Harmony Transcatheter Pulmonary Valve implanted in 20 patients. The early feasibility study is a non-randomized prospective study in 3 sites in the United States and Canada. Six-month follow-up showed positive early outcomes \[[@cit0050]\]. Other self-expandable devices (Venous P Valve; Medtech, Shenzhen, China and The Lotus Valve System, Boston Scientific Corporation, Natick, MA, USA) are under investigation.

Right ventricular outflow tract reducers were proposed by Boudjemline *et al.*, who designed and developed in experimental studies several versions of a self-expandable stent, forming a covered double cylinder with external diameters 30--40 mm and the internal diameter which enables implantation of a valved stent \[[@cit0051]\]. Recently, Edwards described an Altera Device, one size (40 × 45 mm) nitinol self-expanding covered stent providing a rigid landing zone for SAPIEN S3 29 mm, suitable for RVOT diameters up to 38 mm \[[@cit0052]\]. In some cases hybrid procedures with mutual collaboration from cardiac surgery and interventional cardiology are proposed \[[@cit0053]\]. Surgery reducing RVOT dimensions and transapical pulmonary valve implantation have been performed by Polish surgical-interventional teams recently.
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